The interactions of exercise and pregnancy: A review
Because little is know n ab o u t this field we will review p rese n t know ledge o f th e physiology o f exercise d u rin g p regnancy. T h e two m ain questions w hich we will con sid er co n cern first th e ex ten t to which pregnancy af fects a w om an's ability to p erfo rm stren u o u s activity an d th e n th e ex ten t to w hich exercise affects the p reg n a n t w om an, th e fetus, a n d th e infant. Ancillary ques tions include th e following: (1) T o w hat ex ten t does total m aternal oxygen consum ption d u rin g physical activity d iffe r from th a t in n o n p re g n a n t individuals? (2) Is o n e's physical w orking capacity affected by p re g nancy? (3) T o w hat ex ten t a re u te rin e blood flow and u te rin e oxygen consu m p tio n altered by exercise? (4) W hat is th e significance o f te m p e ra tu re changes fo r the m o th e r an d fetus? (5) T o w hat d eg re e does exercise affect m atern al a n d fetal resp ira to ry blood gases? (6) Is th e re evidence fo r acute fetal distress d u rin g exercise? (7) Is fetal outcom e affected by rep e ate d stren u o u s physical activity d u rin g pregnancy? In this review we will briefly co n sid er these questions. A m ore com plete exposition is given elsew here. 1 B efore d ealin g with these issues, how ever, we would like to p o in t o u t som e o f th e problem s associated with th e study o f th e physiologic effects o f exercise d u rin g p regnancy. First, p regnancy affects m atern al body w eight, dim ensions, com position, an d , consequently, th e baseline values o f m any physiologic variables rele vant to th e study o f exercise. Second, these changes also affect th e physiologic b u rd e n o f a given exercise reg im en o n th e individual. T h is is obvious in w eight b earin g exercise (e.g., treadm ill, step test). H ow ever, th e a m o u n t o f en erg y re q u ire d to pedal a bicycle e r g o m eter (n o n -w e ig h t-b e a rin g exercise) may also in crease because o f fluid accum ulation in th e legs and p erh ap s because o f o th e r factors. T h ird , th e physio logic resp o n se to a fixed exercise reg im en shows a wide variation betw een individuals. By sta n d ard izin g the exercise level to a p ercen tag e o f th e individual's m axi mal oxygen co n su m p tio n ra th e r th an to a fixed ex te r nal task this a p p a re n t variation can be m inim ized. Al th o u g h this sta n d ard izatio n is com m only used in phys iologic studies, no on e has used it in p re g n a n t w om en. F o u rth , because m any variables affect b o th p reg n an cy a n d exercise, few, if any, studies on th e com b in ed su b je c t can be co n sid ered well co ntrolled. F ifth, only a lim ited n u m b e r o f studies have been re p o rte d u n d e r th e m ost stren u o u s circum stances, i.e., exhaustive exercise n e a r term . T h e re fo re , it is n o t know n to w hat ex ten t exercise responses d iffe r as a resu lt o f p re g nancy p e r se. F o r sim ilar reasons th e re are no d ata on fetal ou tco m e u n d e r these circum stances. Sixth, most reliable physiologic d ata are derived from anim al stu d ies. H ow ever, th e results o f such studies may be o f lim ited applicability to h u m an s because q u a d ru p e d s (in w hich m ost such studies are p erfo rm ed ) are less subject T able I. O xygen co n su m p tio n d u rin g bicycle exercise in th e sitting position 
Maternal oxygen consumption
D u rin g p regnancy restin g oxygen consu m p tio n in creases w'ith advancing gestational age to a m axim um value n ea r term o f 16% to 32% above n o n p re g n a n t values.2, 3 T his h ig h e r value results largely fro m the increased u te rin e tissue mass, including that o f the fetus. M aternal oxygen consum ption in sheep is in creased only 4% above th a t o f the n o n p re g n a n t state a fte r su b tracting fo r th e total u te rin e contents,4 an d th e re is no evidence th a t this is any d iffe re n t in h u m ans. T h u s, the m etabolic rate o f th e o th e r m atern al tissues is virtually u n affec ted by p regnancy despite a slight increase in cardiac a n d resp ira to ry work.
Because oxygen consu m p tio n increases with both exercise level an d gestational age, th e m ost p ro n o u n ce d increases in oxygen consu m p tio n can be expected d u r ing m axim al exercise n e a r term . Subm axim al exercise d u rin g late gestation is associated w ith approxim ately 10% h igher absolute values fo r oxygen consum ption th a n is exercise d u rin g th e n o n p re g n a n t state, b o th d u r ing w eight-bearing exercise in h u m a n s'' an d goats" and d u rin g n o n -w e ig h t-b e a rin g exercise.2, 3# 5-7-11
T h e am o u n t o f oxygen re q u ire d fo r exercise can be calculated by su b tracting th e resting oxygen co n su m p tion from the total oxygen consum ption d u rin g and follow ing exercise. D u rin g p reg n an cy h ig h e r values have been re p o rte d fo r treadm ill exercise,5, 12 as w ould be ex p ected because o f th e p reg n an cy wreig h t increase. In co n trast, n o n -w e ig h t-b e a rin g exercise d u rin g p re g nancy does n o t consistently increase th e oxygen re q u irem en ts (Table I) . T h is suggests th a t exercise efficiency is n ot greatly affected by pregnancy, eith er by body position an d com position o r by th e m etabolic an d endocrinologic changes.
Because all "n o rm al" w eight-bearing activities d u rin g preg n an cy req u ire a h ig h e r energy o u tp u t, som e tra in ing effect seem s inevitable unless a m ore sed en tary life style is ad o p ted . In th e n o n p re g n a n t individual physi cal train in g increases m axim al oxygen co n su m p tio n u p to 33%. T o w hat ex ten t m axim al oxygen co n su m p tio n is affected by p reg n an cy is largely unknow 'n. In p re g n a n t ewes oxygen co n su m p tio n can increase fivefold to sixfold w'ith m axim al exercise,13 b u t w h eth e r this increase is g re a te r th a n th a t in n o n p re g n a n t sh eep is un k n o w n . A co n tro lled study in rats show'ed a nonsig nificant increase o f ab o u t 8% in m axim al oxygen con su m p tio n in b oth sed en tary rats an d in anim als train ed b efo re p reg n a n cy .14 Rats th a t w ere train ed b oth p rio r to an d d u rin g p reg n an cy h ad 23% h ig h e r m axim al oxygen co n su m p tio n values th a n sed en tary ro d en ts, b u t th e train in g effect p rio r to p reg n an cy accounted fo r 13% o f th e total.
In ad d itio n , two case rep o rts suggest th a t m axim al oxygen co n su m p tio n increases ab o u t 20% in p re g n a n t w om en who m aintain fairly stren u o u s activity d u rin g p reg n a n cy .15, IK
Physical working capacity
If o ne could ex trap o late from th e above observations at subm axim al w'ork levels in h um ans, a given m axim al task d u rin g p reg n an cy w ould req u ire ab o u t a 10% h ig h e r absolute value fo r m axim al oxygen consum p- tion, which seem s possible fo r otherw ise se d en tary in dividuals. T h is suggests th a t objectively such w om en sh o u ld be able to m aintain the sam e tasks as they did p rio r to pregnancy. H ow ever, w orking capacity is af fected n o t only by m axim al oxygen consum ption but also by a variety o f conditions, including som atic fac tors, en v iro n m en tal factors, wro rk characteristics, train ing an d ad ap tatio n , a n d psychic factors, including m otivation. T his m akes it difficult, if n o t im possible, to draw definitive conclusions as to physical w orking ca pacity d u rin g p regnancy. Because o f th e hem odynam ic changes d u rin g p regnancy, including increased blood volum e, it is conceivable not only th a t m axim al oxygen co n su m p tio n may increase in sed en tary individuals b u t th a t tra in in g m ay increase m axim al oxygen co n su m p tion beyond its n o n p re g n a n t limits. F u rth e r study o f this im p o rta n t variable is clearly indicated, particularly in h u m an s. .
Uterine oxygen consumption
U terin e blood flow increases with advan cin g gesta tional age, alth o u g h flow decreases som ew hat p e r kilo g ram o f total u te rin e contents. T h e flow increase results fro m a d ecrease in u te rin e vascular resistance secondary to vasodilatation associated w ith increasing co n cen tratio n s o f estro g en s p ro d u ce d by th e feto p la cental u n it an d p ro stag lan d in s (F.2 a n d I2) p ro d u c e d by th e vessel w'all.17 A lth o u g h th e dilated u te rin e vascula tu re is less sensitive to th e effects o f vasoconstrictive agents d u rin g p reg n an cy th an in th e n o n p re g n a n t state, it resp o n d s to circulating p ro stag lan d in s an d catecholam ines a n d to sym pathetic stim ulation. U te r ine blood flow m ay d ecrease sp ontaneously u p to 20% ,18 a n d red u ctio n s u p to 50% have b een re p o rte d in resp o n se to alkalosis an d h y p e rth e rm ia 19 a n d to a v ari ety o f o th e r stresses.20 It has been suggested th a t these vasoconstrictive occu rren ces are catecholam ine-m edi ated, b u t this has n o t yet been d em o n strated . D u rin g exercise th e red istrib u tio n o f cardiac o u tp u t has been th o u g h t to resu lt from vasodilatation in e x e r cising muscles, m ed iated by local m etabolic factors, an d fro m sym pathetic vasoconstriction in tissues with a high resting flow an d low oxygen ex tractio n , such as the splanchnic bed a n d nonw 'orking m uscles. 21 Because the u te rin e vasculature d u rin g p reg n an cy is sensitive to sym pathetic stim ulation a n d catecholam ine release, o n e w ould also ex p ect a red u ctio n in u te rin e blood flow' d u rin g m atern al exercise. U sing th e d isap p earan ce o f sodium 24 injected into th e m y o m etriu m , M orris et al. 22 suggested a 25% red u ctio n in flow to th e p re g n a n t h u m a n u te ru s d u rin g m ild sh o rt-term bicycle exercise in th e su p in e position. H ow ever, this probably rep rese n ts an overestim ate. In th e su p in e position th e presen ce o f a large p re g n a n t u te ru s m ay well affect u te rin e blood flow. In ad d itio n , anim al d ata show th at th e m y om etrium is m o re sensitive to catecholam ines th a n is th e placenta,2 ' H ow ever, th e ir m e asu rem en ts w'ere m ade shortly after, ra th e r th an d u rin g , exercise, an d u te rin e flow re tu rn s rapidly to control levels w hen exercise is discon tin u e d . 26 A lthough a reduction in u te rin e blood flow suggests a red u c tio n in th e supply o f oxygen an d n u trie n ts to th e u te ru s a n d /o r a red u c tio n in oxygen consum ption, this result is not necessarily tru e d u rin g exercise, be cause exercise is associated with a m arked rise in m a tern al hem atocrit. D u rin g exercise plasm a filtrate is forced across th e capillary m em b ran e in exercising muscles, resulting in a decrease o f u p to 14% in plasm a volum e in m an30 an d u p to 20% in p re g n a n t sheep ,26 w'hile th e re d blood cell mass rem ains constant.26 T his h em o co n cen tratio n is associated with an increase in hem oglobin con cen tratio n (show'n as hem atocrit in Fig.  1, b) an d thus o f blood oxygen-carrying capacity. C on sequently, the red u ctio n in oxygen delivery (oxygen co n ten t x flow') to the u te ru s is m uch sm aller th a n the decrease in blood flow w'ould suggest. 26 In studies o f exercising sh eep fro m o u r lab o rato ry ,31 th e fetal te m p e ra tu re lagged b eh in d th e rapidly ch an g ing m atern al te m p e ra tu re at th e o n set an d cessation o f exercise (Fig. 1, d) . C onsequently th e fetal-m aternal te m p e ra tu re d ifferen ce d u rin g th e o n set o f exercise w'as red u c ed o r even rev ersed , while a la rg e r te m p e ra tu re d iffe ren ce existed follow ing exercise. T h ese changes w ere m o re p ro n o u n ce d with h ig h e r levels o f exercise d u rin g w hich th e m atern al te m p e ra tu re in creases m o re rapidly. R e tu rn o f th e fetal te m p e ra tu re to co n tro l values w'as slow, req u irin g m o re th a n 1 h o u r follow ing p ro lo n g ed (40 m inutes) exhaustive exercise at 70% m axim al oxygen co n su m p tio n ( Fig. 1, d) . 
Respiratory blood gases
K now ledge o f th e m atern al a n d fetal te m p e ra tu re s is essential fo r the co rrect in te rp re tatio n o f fetal blood gas m easu rem en ts. Blood o b tain ed anaerobically an d analyzed fo r resp ira to ry blood gases at a te m p e ra tu re below th a t o f th e body shows a rise in pH an d a fall in oxygen a n d carb o n dioxide tensions. 35 T h e failure to co rrect fo r a 1° C increase has been estim ated to result in ab o u t a 1.9 an d 2.7 to rr u n d ere stim a te fo r fetal oxy gen an d carb o n dioxide tensions, respectively, an d a pH th at is falsely 0.015 units too hig h .31 All factors w hich ch an g e m atern al te m p e ra tu re , u te rin e o r um bil ical blood flow, o r fetal m etabolism m ay affect th e tem p e ra tu re g rad ien t, especially in th e n o n -s te a d y state. U n fo rtu n ately , this co n sid eratio n is o ften not taken into account in studies o f fetal blood gas values.
W hen th e p ro p e r te m p e ra tu re corrections are m ade, m atern al oxygen tension an d oxygen co n ten t increase a n d carb o n dioxide tension decreases as a resu lt o f exercise-induced h y p erventilation an d hem o co n cen tratio n . As show n in Fig. 2 , in sh eep exercised to *The in terdependent physical, chemical, and metabolic processes o f the hum an body may vary with small differences in tem perature. T his change in activity with tem perature is usually expressed as Q J0. This is a factor by which the velocity o f a reaction at given tem perature is multiplied to give the velocity o f that reaction at a tem perature o f 10° C higher. T he Q ,0 o f physical reactions is very nearly 1. July 1,1984 Am. J. Obstet. Gynecol. exhaustion at 70% m axim al oxygen consum ption, m a tern al oxygen tension increased 13% an d oxygen con te n t increased 25% , w hile carbon dioxide tension d e creased 28% .31 C onsequently th e oxygen-carrying capacity o f th e m aternal blood was increased a n d th e oxygen tra n sp o rt across th e placenta was en h an ced . A lthough th e red u c ed u te rin e blood flow d u rin g exercise will te n d to low er th e placental oxygen tra n s p o rt, both theoretical analysis36 a n d observations in o u r lab o ratory d u rin g acute em bolization o f the u te rin e vascular bed suggest only m inim al decreases in fetal oxygen tension w hen u te rin e blood flow is a p p ro x i m ately 60% o r m ore o f its norm al resting value. Several studies in exercising sh e e p 13-27-" • 37 have re p o rte d re d uctions in fetal arterial oxygen an d carbon dioxide tensions o f as m uch as 25% . F ailure to co rrect th e blood gas values fo r the te m p e ra tu re changes largely explains the differences in results am o n g these studies an d the sm aller changes observed in o u r studies. 31 In these studies31 fetal arte rial oxygen a n d carbon dioxide te n sions an d oxygen co n ten t d ecreased with th e level an d th e d u ra tio n o f exercise, but th e values d iffe red signif icantly fro m con tro l only w hen th e ewes w ere ru n to exh austion. D uring p ro lo n g ed (40 m inutes) exhaustive exercise at 70% m axim al oxygen consum ption fetal aortic oxygen tension decreased 3.0 to rr (from 26.2 to 23.2 to rr); carbon dioxide tension, 4.5 to rr (from 54.1 to 49.6 to rr); an d oxygen co n ten t, 1. 
Other fetal responses
Fetal hypoxia a n d /o r "distress" may be associated with changes in any o f th e follow ing fetal variables: h ea rt rate, blood p ressu re, cardiac o u tp u t d istrib u tio n ,38 h e m atocrit,39 a n d catecholam ine co n c en tra tio n . 40 Several We know o f no such study in p re g n a n t w om en.
H ow ever, several studies concern in g this subject are no netheless w orthy o f discussion. C lapp an d Dick-stein57 prospectively stu d ied the effects o f m aternal exercise o n fetal outcom e in 336 p re g n a n t w om en, di vided into five activity g ro u p s o n the basis o f interview' data. T h ey co ncluded th a t preconceptional exercise h ad no effect o n fetal outcom e b u t th a t re g u la r vigor ous exercise d u rin g pregnancy increased the th e r th a n re p re sent th e effect o f physical activity p e r se. W eight re d u ctio n has also been re p o rte d in p re g n a n t laboratory anim als th a t w ere forced to exercise strenuously d u rin g preg n an cy . An 8% red u c tio n was re p o rte d in forcefully exercised mice73 a n d g u in ea pigs.74 Fetal w eight in rats fo rced to swim was 6% low er th a n n o rm al75; how ever, rats forced to r u n d id n o t show grow th re ta rd a tio n .76 A 12% to 20% red u c tio n in fetal w eight was also re p o rte d in exercised pygm y goats,6 b u t this study may n o t have been w'ell co n trolled. In co n trast, no red u c tio n in b irth w eights was observed in swine m oderately exercised th ro u g h o u t gestation.77 Because fetal grow th re ta rd a tion has b een associated n ot only with increased m a te r nal physical activity b u t also with restriction o f activ ity,78 o n e ca n n o t exclude th e possibility th a t th e "stress" o f fear an d h an d lin g related to fo rced exercise in a lab o rato ry en v iro n m en t ra th e r th an th e exercise p e r se co n trib u ted to th e grow th reta rd a tio n . A variety o f o th e r adverse effects has also been suggested, in clu d in g increased p erin atal m ortality a n d increased incidence o f p rem a tu rity .69 H ow ever, f u rth e r wellm atched prospective studies are necessary to confirm any such effects. T h is is also tru e fo r th e possible te ra togenic effect o f increased te m p e ra tu re d u rin g e x e r cise in early p regnancy.
It is a p p a re n t th a t exercise m ight have positive o r negative h ealth effects d u rin g preg n an cy . Fig. 3 Negative o r e ffo rt is show n o n th e abscissa. L ine A indicates those effects w hich a re beneficial an d te n d to increase as a fu nction o f exercise intensity and d u ratio n . Line B indicates th e opposite effects. Line C indicates th a t fo r som e functions th e re may be a positive effect at low to m o d e ra te exercise levels but th a t this decreases o r re verses a t h ig h er levels. Finally, line-D suggests th a t fo r som e functions th e re is no discernible effect. In ad d i tion, the figure suggests th a t train in g may shift the curves u p w ard an d to th e right, while, in contrast, o th e r stresses such as hypoxia, m aln u tritio n , o r certain disease states may com pete fo r the subject's physiologic reserves, shifting th e curve dow nw ard a n d to th e left.
Comment
A nim al studies show th a t physical activity d u rin g p reg n ancy results in m arked cardiovascular ad ju st m ents in th e m other, including a red u ctio n in u te rin e blood flow. H ow ever, because o f sim ultaneous hem oco n centration a n d increased oxygen extraction, u te rin e oxygen consum ption rem ains constant. In contrast to relatively p ro fo u n d physiologic changes in th e m other, th e changes in th e fetus a re small. T h e oxygen tension an d oxygen co n ten t in th e fetal arte rial blood decrease slightly, but o th e r fetal variables, including catechol am ine concentrations, h e a rt rate, blood pressure, car diac o u tp u t, blood flow' distrib u tio n , an d blood volum e, rem ain virtually constant. T h is suggests th a t acute exercise does not re p re se n t a m ajor hypoxic o r o th e r stress to th e fetus. Little is know n ab o u t th e physiologic effects o f chronic exercise on the fetus. T h e m ost likely possible effect is a small red u c tio n in b irth weight, at least in som e species. A gain we wish to stress that one m ust be careful in ex tra p o latin g these anim al d a ta to hum ans. L arge, w ell-controlled prospective ep idem io logic studies are necessary to establish possible positive o r negative effects in hum ans. Finally, additional physiologic studies are n e e d ed fo r a m o re com plete u n d e rsta n d in g o f the rem arkably effective hom eostatic m echanism s in bo th m o th e r an d fetus d u rin g m aternal exercise.
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